Abstract-Objective: Transcranial focused ultrasound (tFUS) has been introduced as a noninvasive neuromodulation technique with good spatial selectivity. We report an experimental investigation to detect noninvasive electrophysiological response induced by low-intensity tFUS in an in vivo animal model and perform electrophysiological source imaging (ESI) of tFUS-induced brain activity from noninvasive scalp EEG recordings. Methods: A single-element ultrasound transducer was used to generate lowintensity tFUS (I sp ta < 1 mW/ cm 2 ) and induce brain activation at multiple selected sites in an in vivo rat model. Up to 16 scalp electrodes were used to record tFUS-induced EEG. Event-related potentials were analyzed in time, frequency, and spatial domains. Current source distributions were estimated by ESI to reconstruct spatiotemporal distributions of brain activation induced by tFUS. 
variety of neuroimaging modalities, like electroencephalography (EEG), functional magnetic resonance imaging (fMRI), and magnetoencephalography (MEG), are valuable tools for understanding the brain networks. Optogenetic neuromodulation, a light-based neuromodulation method, demonstrates excellent spatiotemporal specificity but requires an invasive implantation procedure [3] . Electrical/electromagnetic-based methods, such as the deep brain stimulation (DBS) [4] , [40] , vagus nerve stimulation (VNS) [5] , electroconvulsive therapy [6] , transcranial magnetic stimulation (TMS) [7] , [39] , transcranial direct current stimulation (tDCS) [8] , [41] , and transcranial alternating current stimulation (tACS) [9] have been pursued to modulate local neural circuits or treat various neurological and mental disorders. Compared to DBS and VNS, TMS and tDCS/tACS have the merit of being noninvasive, but have limited spatial resolution and focality.
Recently, transcranial focused ultrasound (tFUS) has been proposed for noninvasive neuromodulation due to its high spatial resolution [10] [11] [12] . In vivo experiments (in animals) have been reported using a range of ultrasonic parameters achieving either activation or suppression of neural activity. Yoo et al. [13] used a rabbit model to demonstrate that tFUS with a fundamental frequency of 690 kHz and spatial-peak temporalaverage intensity (I spta ) of 6.3 W/cm 2 excites the exposed motor cortex, leading to behavioral manifests such as movement and detectable changes in the recorded electromyography (EMG) signals from subdermal electrodes inserted into forelimb muscle. Blood-oxygen level-dependent signals were already observed through fMRI studies using a lower ultrasound intensity (I spta ) of 1.6 W/cm 2 , whereas the acoustic stimulation with a spatial-peak pulse-average intensity (I sppa ) of 6.4 W/cm 2 lasting for over 7-8 s renders a reduction in the magnitude of the P30 visual evoked potential (VEP). Low-intensity tFUS (I spta : 300 mW/cm 2 ) was used by Yoo et al. [14] to sonicate the thalamus of anesthetized rats, and as indicated through physiological and behavioral changes, the rats' recovery time was shortened significantly as measured by voluntary movement and pinch response. Using another low-intensity ultrasound stimulation experiment (I spta : less than 13.5 ± 3.8 mW/cm 2 , fundamental frequency: 320 kHz), Deffieux et al. [15] administered tFUS to the left frontal eye field in two awake macaque rhesus monkeys, and found that tFUS delayed the ipsilateral mean antisaccade latencies compared to the nonsonication case. Most recently, Lee et al. [16] targeted the 250-kHz tFUS at the primary sensorimotor cortex and visual cortex of anesthetized sheep, and recorded tFUS-evoked electrophysiological signals using a bilateral EMG and two-channel subdermal EEG system. It was found that the This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/ ultrasound intensity I sppa needed to be greater than 6 W/cm 2 to elicit motor evoked potentials and sonication-triggered visual evoked potentials. Minor microhemorrhages in the primary visual cortex were reported which were due to the use of high intensity tFUS, indicating that the ultrasound parameters need to be considered carefully to ensure safe neuromodulatory effects.
In the past years, several groups have applied ultrasound neuromodulation in humans. Hameroff et al. [17] harnessed a commercially available ultrasound machine working in standard B-mode to dose chronic pain subjects with transcranial ultrasound (I spta : 152 mW/ cm 2 at transducer), and they reported that the subjects' mood were improved for 10 min after the ultrasound mediation. Legon et al. [18] examined the effect of pulsed ultrasound stimulation on peripheral somatosensory circuits by stimulating fingertips. Two ultrasound stimulation waveforms were designed to evoke either mechanical sensation (I spta : 11.8 W/ cm 2 ) or thermal sensation (I spta : 54.8 W/ cm 2 ), and the sonication effects on the neural circuits were indicated by both EEG and fMRI. Later, the group further examined the tFUS (I sppa : 23.87 W/ cm 2 at scalp) on sensory-evoked potentials through concurrent EEG recordings [11] . Median nerve stimulations were introduced in this study when the tFUS was administered to the scalp region over the somatosensory cortex. Their EEG recordings showed that tFUS attenuated the amplitudes of the somatosensory evoked potentials, and modulated the spectral content of sensory-evoked brain oscillations. Mueller et al. [19] researched the ultrasound-modulatory effect on the EEG phase dynamics of the somatosensory cortex from four-channel EEG recordings. The tFUS (I sppa : 23.87 W/ cm 2 ) altered the phase distribution of intrinsic brain activity in betaband frequencies and modulated the phase rate of beta and gamma frequencies. Lee et al. [20] reported their recent human study, in which tFUS (I spta : 1.5 W/ cm 2 at transducer, 350 mW/cm 2 behind the skull) was delivered to the hand region of the somatosensory cortex, using subjects' individual anatomical MR images to guide the transducer over the desired region on the cortex. The participating subjects reported the experienced tactile sensations, while tFUS stimulations were administered. Two-channel EEG recordings from the primary somatosensory cortex revealed that tFUS stimulations were capable of evoking potentials in the hand region of the primary somatosensory cortex, consistent with the subjects' reports (of sensation in the hand).
In this study, we test the hypothesis whether low-intensity tFUS (e.g., I spta < 1 mW/ cm 2 ) can be used as a controlled perturbation to initiate neural activation. We further use electrophysiological source imaging based on multichannel scalp EEG recordings to image tFUS-induced brain activation in an attempt to perturb specific nodes within a brain network under study to determine the role each node plays within the network. The initial results were reported in the BRAIN Investigators Meeting held in December 2015 [21] .
II. EXPERIMENTAL DESIGN AND SETUP
A. Sonication Setup tFUS pulses were produced in a burst mode by a singleelement focused ultrasound transducer (V389, Olympus, USA) and were employed to perturb the intact rat brain in anesthesia, as shown in Fig. 1 . This ultrasound transducer has a diameter of 38.1 mm, a center frequency of 500 kHz, a −6-dB bandwidth of 300-690 kHz and a nominal focal distance of 55 mm. The transducer is controlled by two function generators (33220 A, Keysight Technologies, USA) that manage the time sequence of ultrasonic output, so as to produce a specified time burst of pulses with 2-kHz pulse repetition frequency in 3-s intersonication intervals. Such ultrasound temporal protocol was developed following Tufail et al. [22] , [23] and Yoo et al. [13] , [16] . Instead of tone burst mode (i.e., tens of cycles in each pulse duration) used in their experiments, in this study, we used the single-pulse burst mode as shown in Fig. 1 to significantly reduce the I spta and I sppa . These pulses triggered an ultrasonic pulser unit (5077PR, Olympus NDT, USA), which controlled the voltage amplitudes fed into the transducer. To guide the ultrasound energy onto a certain brain location, a customized conical ultrasound collimator was fabricated using a polypropylene funnel and a polytetrafluoroethylene cylindrical tube, and was then filled with ultrasound coupling gel (Aquasonic 100 Ultrasound Transmission Gel, Parker Laboratories, USA). This collimator had an inner diameter of 1.7 mm at its tip, and its total length equaled the focal distance of the transducer. The directed acoustic intensities (I spta : 0.1−0.6 mW/ cm 2 , I sppa : 0.74−4.6 mW/ cm 2 , spatial-peak temporal-peak intensity I sptp : 38−252 mW/ cm 2 , corresponding to spatial peak rarefactional pressure P r amplitude of 18.3-45.9 kPa) transported through the collimator were then measured using a calibrated hydrophone (HNR500, Onda, USA) placed behind a piece of freshly excised Wistar rat skull. To measure such ultralow intensity, a calibrated, broadband hydrophone preamplifier (AH-2010-025, Onda, USA) was also employed. Notably, the administered ultrasound intensities were far less than the safety limit, i.e., I spta of 720 mW/cm 2 and I sppa of 190 W/cm 2 , used in ultrasound diagnostic imaging systems, set forth by the U.S. Food and Drug Administration [24] . By further measuring the acoustic pressure directly at the tip of the collimator, the ultrasound insertion loss as calculated for the pressure, was approximately −14 dB across the sites on the skull where the transducer would be placed in our experiment. The collimator, the skull sample, and the needle hydrophone were aligned using a three-axis positioning stage. This positioning stage was controlled by a stepper motor system and was also used to aim the ultrasound transducer and collimator to a specific scalp region during the in vivo experiments.
B. In Vivo Rat Model
The Wistar rat was chosen for the in vivo study mainly due to its relatively big cranial size and thinner skull among the rat species. Three one-year-old rat subjects were used, and each was anesthetized using katamine/xylazine mixture (75 and 10 mg/kg, respectively) with certain dosage determined by both the rat's weight and the anesthetic duration (2-3 h). The hair over the rat's scalp, the nape, hind limbs, and caudal regions was carefully removed using an electric hair trimmer and a hair remover cream lotion to expose the skin. After the exposed skin was further degreased using alcoholic pads and the impedance was lowered using skin prep gel, EEG and ECG electrodes were then attached to the treated skin regions, accordingly. During the experiment, a rectal thermometer and a heating lamp were used to monitor and maintain the rat body temperature. This experiment protocol was approved by the University of Minnesota Institutional Animal Care and Use Committee.
C. Electrophysiological Signal Detection and Preprocessing
All the electrophysiological signals were acquired, amplified, filtered, and digitized using a multichannel NeuroScan system (Synamps 2, Compumedics, USA) with a sampling rate of 1 kHz. The EEG was simultaneously recorded and synchronized with the ultrasound system so as to know exactly when the sonication pulses were administered. During the data acquisition, the bandpass filters with respective cutoff frequencies of 1 Hz and 100 Hz were applied to EEG and ECG channels. Eight-channel EEG recordings were used to assess the effect of sonication intensity on brain activation, and 16-channel EEG recordings were used to measure the spatiotemporal distribution of the brain electrical activity as induced by tFUS. EEG data were further bandpass filtered and preprocessed for source imaging analysis. The epochs of ultrasonic stimulations were aligned by using the event markers transmitted by the function generator in the sonication setup. Additionally, the short-time Fourier transform (STFT) of the mean global field power (MGFP) of the averaged ERP was also plotted using a Hamming window of length 32 ms and overlap of 4 ms.
A sham condition was designed by removing the ultrasound collimator and turning the transducer away from scalp of the rat while transmitting ultrasound pulses. In order to only image the brain activity due to sonication and to reduce the effect of common activity perceived in the sham condition, the common components of activity observed in the sham condition were removed from the ERP signals prior to source imaging. Auditory pathways may be activated during the ultrasound pulse generation, as animals like rat are capable of hearing frequency ranges much higher than human beings [25] . This was achieved by performing the principal component analysis (PCA) and identifying components demonstrating a high correlation with the sham components. Independent component analysis (ICA) [37] can be used to perform this analysis, as well. ICA is a promising method when dealing with artefacts, since such interferences are independent of the brain activity and ICA is efficient in detecting and removing those signals. Mainly the interferences can be roughly categorized as physiological artefacts, such as eye movement, muscle contraction, and electromagnetic interferences from stimulation or 60-Hz power-line noise. In our experiment, the animals were anesthetized, the aforementioned physiological artefacts were minimal and absent after averaging. Since ultrasound stimulation was administered, no electromagnetic interference was introduced by stimulation and power-line noise was removed with a 60-Hz notch filter. The PCA [38] , however, determines main components in the data based on their strength (signal energy which is related to signal's second norm). Thus, we could compare strong components present in the two conditions, i.e., sham versus stimulation to reject common components which are related to background brain processes (not artefacts). For example, auditory pathways may be activated during the ultrasound pulse generation, as animals like rats are capable of hearing frequency ranges much higher than human beings. In this sense, ICA might not add an extra value for component analysis; thus, PCA and ICA could be used interchangeably and both analyses actually show many similar components.
D. EEG Source Imaging
We used a publicly available Wistar rat MRI atlas (http:// www.idac.tohoku.ac.jp/bir/en/db/rb/101028.html) to build a generic boundary element method (BEM) model of the rat head, as individual head MRI was not available at the time [26] . The BEM head model consisted of three layers of tissue, namely the skin, the skull, and the brain with conductivities of 0.33, 0.0165, and 0.33 S/m, respectively [27] [28] [29] . The minimum norm (MN) algorithm [30] was used to solve the inverse problem. As mentioned previously using PCA, the components of the EEG signal that were highly correlated with the EEG recorded during the sham condition were removed from the EEG prior to source analysis. The source imaging was performed for the duration of the sonication and after cessation of stimulation, for about several hundreds of milliseconds.
E. Statistical Testing
In order to test the significance of the results when comparing ERP signals to the sham condition, we performed statistical testing to determine time intervals at which the ERP signals and the sham condition were significantly different (p < 0.025). We performed a paired t-test to this end. The data recorded at different channels of the EEG were treated as samples drawn from the two conditions (sham versus ERP induced by sonication). The amplitudes of the signal in the two conditions were compared over time to find time intervals at which a significance of (p < 0.025) was achieved [11] , [20] , [31] . 
III. RESULTS

A. tFUS-Evoked Brain Activities
Fig . 2 shows the eight-channel scalp EEG recordings of the tFUS-evoked brain activities in a rat from three ultrasound intensities (as listed in Table I ) used to sonicate the targeted right anterior cortex. These intensities are due to three different excitation voltages that drive the transducer. After averaging across 300 trials, the results are illustrated in the time course (from −200 to 600 ms, 0 ms indicates the onset of the 200-ms sonication) both with butterfly plots and MGFP plots. Fig. 2 indicates that even when a low-intensity sonication (I spta : 0.1 mW/ cm 2 , I sppa : 0.7 mW/ cm 2 ) is administered with the applied ultrasound pressure recorded in Fig. 2(b) , the rat brain shows an observable time-locked activation as perceivable in the EEG. When increasing the input ultrasound intensities, the recorded EEG shows increasing response amplitudes and extended activations as depicted in Fig. 2(a) and (c). If one takes the time integral of the MGFP within the sonication duration of 200 ms, the results demonstrate an increasing trend shown in Fig. 2(d) . These integral values are calculated using a trapezoidal integration method with an integration step of 1 ms. 3 shows 16-channel scalp ERPs averaged from 600 trials of another rat subject. The channels indicated by the orange squares, i.e., electrodes #9, #12, and #16 are further magnified in Fig. 3(d) , in which the neural recording under three sonication durations are plotted for each electrode. Within sonication period, all those three conditions use acoustic intensity I spta of 0.6 mW/cm 2 (I sppa : 4.6 mW/ cm 2 , I sptp : 252 mW/ cm 2 ) when the tFUS wave reaches the skull covering the targeted cortical region. The vertical dotted lines in Fig. 3(d) show the time points of interest at the extrema of neural activity time course. Fig. 3(e) depicts the averaged signal values and standard deviations at the four time points (i.e., 17, 35, 95, and 294 ms) read from the three individual EEG electrodes (indicated by orange squares in Fig. 3(a)-(c) ). Significant differences exist at 294 ms among three sonication durations from recorded signals by three electrodes. Electrodes #12 and #16 also present significant differences at 35 ms in the signal profiles by the 5-ms and 200-ms sonication durations.
Inevitably, the audible sound from tFUS may also result in auditory evoked potentials. In the in vivo experiment, during the sham condition, the transducer keeps transmitting ultrasound as in the stimulation session, using 200-ms sonication, while the transducer is flipped to point away from the animal. Fig. 4(a) depicts the MGFP values of the 16-channel EEG recordings of Fig. 4(b) shows the time-frequency plots depicting the spectral contents in α (7-12 Hz), β (13-30 Hz), and lower γ (31-55 Hz) frequency bands of the elicited brain activity after the onset (dashed vertical lines) of the sonication. Compared to the sham condition, we also found significant differences existing within each frequency band during 0-100 and 200-250 ms produced by the 200-ms tFUS. Hence, based on the analyses of global field power and spectral power, the tFUS-evoked brain activities can be distinguished from the sham condition.
B. tFUS-EEG Source Imaging
Signals from the sham condition have been subtracted from the recordings with the tFUS condition. Solving the inverse problem using the MN method, the EEG source images were obtained to estimate the spatial location of the ultrasound perturbation and its induced brain activation. In the presented ESI results, we found that the estimated source covered cortical regions including the targeted region of the ultrasound beam. Furthermore, a series of EEG topographic voltage maps and source images at several time points of relative signal peaks (21, 50, 109 ms) in the MGFP plot are depicted in Fig. 5(c) -(e), while the relative locations of the rat brain, the cranial bone, the ultrasound incidence, and the EEG electrodes are shown in Fig. 5(a) and (b) , respectively. From the presented source images (see Fig. 5(e) ), the location of the initial activation (21 ms) aligns with the ultrasound targeting region, and this activation soon propagates to the surrounding cortical regions (50 ms). Because the tFUS keeps depositing mechanical energy during the sonication period, the brain activation source stays at the right anterior cortical region (50 and 109 ms), and meanwhile several other cortical areas become active successively.
When the same ultrasound beam is directed at another anterior cortical region which is more lateral, the ultrasound intensity reaching the brain tissue would be even less due to an increasing skull thickness of the rat cranium. Therefore, the amplitudes decrease as observed in the topographic voltage maps and the EEG source imaging results (see Fig. 6(d) and (e)). From these results, it is shown that once more that the initiation region of cortical activation (17 ms) follows the ultrasound incidence site, and later at 68 ms, this source activation propagates to other brain regions while the initiation region remains being activated by the ongoing ultrasound stimulation.
A third rat was also studied using the same sonication condition as harnessed in Figs. 5 and 6, whereas ultrasound incidence site was changed to the location of electrode #9 as mapped in Fig. 3(a) . Similar ESI results were observed in this case comparable to other two animal experiments (data not shown). 
IV. DISCUSSION
We have conducted an experimental investigation to demonstrate the feasibility of noninvasively recording brain electrical activity as induced by low-intensity tFUS in an in vivo animal model. We have also demonstrated, for the first time, that it is possible to image brain electrical activity from noninvasive scalp EEG recordings following tFUS perturbation. Our results suggest that ESI may become a useful tool to derive biomarkers to quantify tFUS effects and guide its use for neuromodulation. Such noninvasive biomarker, while obtained in real time, may offer important insights to optimize tFUS stimulation parameters and make tFUS a closed-loop neuromodulation modality.
Our study also suggests using tFUS as an important guide for perturbation-based neuroimaging. In perturbation-based neuroimaging [2] , [39] , external energy is applied to alter the neural information processing; the spatiotemporal activation patterns as altered due to such perturbations can then be used to identify and delineate the mechanisms of neural activation and pathology. For this purpose, it is important to use low intensity neuromodulation so the injected energy will only present perturbations to avoid global and widespread effects.
In our study, using a single-element focused ultrasound transducer with a collimator, we introduced the low-intensity tFUS (I spta as low as 0.1 mW/cm 2 , and I sppa as low as 0.7 mW/cm 2 ) as a brain perturbation tool and demonstrated the capability of noninvasively recording electrophysiological responses of the brain following such low-intensity tFUS perturbation. By stimulating multiple sites and localizing the initiation site of the induced activity, our results confirmed such local activation can be noninvasively recorded and localized to the target site (corresponding to tFUS beam) by means of ESI.
Considering the different skull thicknesses in various in vivo animal models or human subjects, one may need to compare the ultrasound intensities at the brain tissue (as opposed to ultrasound pressure at the scalp). In our in vivo rat experiment for tFUS-ESI, the applied I spta (0.1-0.6 mW/cm 2 ) is much lower than the lowest ultrasound spatial-peak temporal-average intensity (13.5 ± 3.8 mW/ cm 2 ) ever reported in the past in vivo studies [15] to the best of our knowledge. For the neuroimaging purpose, such ultralow-intensity tFUS shall not damage the brain, but is still able to perturb the brain network. The present experiment has identified a low but effective tFUS intensity for EEG source imaging. Additionally, the ultrasound spatial-peak temporal-average intensity of less than 1 mW/cm 2 (at the tip of collimator) ensures the noninvasive merit of tFUS (such level of stimulation did not induce other physiological activities such as leg movement, as the EMG did not show any detectable signal at both hind limbs). However, these parameters (at the tip of collimator and at the cortex) would need to be modified and scaled up, if to be used for human experiments.
In our experiment, the fundamental ultrasound frequency used was 500 kHz, which may not be an optimal choice in terms of eliciting behavioral changes and neuromodulation. Some previous studies aiming to study effective ultrasound parameters, to maximize sensorimotor responses in rats, reported that frequencies lower than 500 kHz were more effective in eliciting stronger EMG responses [32] . However, as lower frequencies lead to poorer ultrasound spatial specificity, a tradeoff between the stimulating efficiency and spatial focality exists. Further investigation on effective frequencies needs to be done on an application-specific manner, as effective frequencies that elicit maximal behavioral responses, might be different for different networks in the brain.
Our results, in general, support the hypothesis that tFUSinduced brain activity is generated from the point of cortex targeted by the ultrasound beam and propagates to surrounding tissue. Since the ultrasound transducer was not targeted at a specific location of cortex, and low-intensity ultrasound (I spta < 1 mW/ cm 2 ) was used in the in vivo rat experiment, no behavioral change was observed. Our results indicate a focus of activity forming under the ultrasound collimator on the cortex and its later propagation to nearby tissue. This is the first evidence of ultrasound-induced electrical activity captured noninvasively by dynamic EEG source imaging in a living system, to the best of our knowledge.
While tFUS has been used in recent years to modulate and study the brain [11] , [17] , [20] , [23] , the neural effect induced by tFUS remains unclear [33] , [34] . Use of ESI represents an opportunity to delineate the mechanism of tFUS by noninvasively mapping the spatiotemporal patterns of brain activation induced by tFUS. The specificity of tFUS and its ability to form concentrated foci makes the combination of tFUS and ESI an ideal tool for noninvasively studying the brain. Using ESI to monitor the effects of tFUS stimulation can help not only in determining the nature of neuromodulation therapies performed by ultrasound, but also to be used to study normal brain networks by exciting or inhibiting different brain locations [13] , i.e. network nodes. Another impact of using ESI technique in ultrasound neuromodulation is that ESI is able to noninvasively document the targeted brain region by the transducer, which is considered as one of the challenges for ultrasound neuromodulation research.
Ultrasound has also been used to treat pathological brain conditions. An early study by Manlapaz et al. [35] on a feline model provided experimental evidence as to the efficacy of ultrasound-induced attenuation of seizure activity and consequently decreased morbidity. A relatively high acoustic intensity of 840 W/cm 2 with a fundamental acoustic frequency of 2.7 MHz was used in the aforementioned study. More recently Min et al. [36] reported on a rat model having pentylenetetrazolinduced epileptic activity; the sonication (I spta : 130 mW/ cm 2 ) was shown to be successful in suppressing the occurrence of epileptic EEG bursts as observed in subdermal two-channel EEG recordings. These in vivo studies show the value of tFUS as a neuromodulation tool. Combined with ESI, the target to be stimulated by tFUS can be determined from electrophysiological recordings, thus allowing precision neuromodulation by assessing the tFUS effects. After tFUS is administered, the pathological activity, e.g., seizure, can be monitored by ESI to study the prognosis of stimulation and treatment efficacy.
While the EEG was used to record and image brain activity as induced by tFUS in this study, it is anticipated that one can use MEG [30] to record and image brain activity induced by tFUS. Such demonstration shall be interesting for further investigation, and the present results indicate such possibility [1] .
V. CONCLUSION
In this study, we have demonstrated, in an in vivo experiment in three rat subjects, that low-intensity tFUS (e.g., I spta < 1 mW/ cm 2 ) can induce brain electrical activity in the target region of tFUS. We have noninvasively recorded multichannel scalp EEG following low-intensity tFUS and have localized and imaged tFUS-induced brain activation from scalp recorded EEG distributions. Our promising results demonstrate the feasibility of noninvasive sensing low-intensity tFUS-induced brain activation and localization and imaging of brain activity from noninvasive scalp EEG signals. This study suggests that the proposed perturbation-based neuroimaging using tFUS-ESI merits further investigation and may become a useful tool for delineating normal and pathological brain networks and circuitry in a well-controlled and noninvasive manner. The ESI-guided tFUS may also have important applications to the treatment and management of various brain disorders.
